Ultrafast strain engineering in complex oxide heterostructures 
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We report on ultrafast optical experiments in which femtosecond mid-infrared radiation is used to 
excite the lattice of complex oxide heterostructures. By tuning the excitation energy to a vibrational 
mode of the substrate, a long-lived five-order-of-magnitude increase of the electrical conductivity of 
NdNiOa epitaxial thin films is observed as a structural distortion propagates across the interface. 
Vibrational excitation, extended here to a wide class of heterostructures and interfaces, may be 
conducive to new strategies for electronic phase control at THz repetition rates. 



Complex oxide heterostructures have emerged as mul- 
tifunctional materials of striking flexibility, in which un- 
conventional electronic phases can be realised by engi- 
neering the strain field across interfaces [THS] . This same 
mechanical coupling is also expected to be efi^ective on 
the ultrafast timescale, and could be exploited for the dy- 
namic control of materials properties. Here, we demon- 
strate that a large-amplitude mid-infrared field, made 
resonant with a stretching mode of the substrate, can 
switch the electronic properties of a thin film across an in- 
terface. Exploiting dynamic strain propagation between 
different components of a heterostructure, insulating an- 
tiferromagnetic NdNiOs is driven through a prompt, five- 
order-of-magnitude increase of the electrical conductiv- 
ity, with resonant frequency and susceptibility that is 
controlled by choice of the substrate material. 

Many of the functional properties of ABO^ perovskite 
oxides are extremely sensitive to rotation and tilting of 
the BOq octahedra, which control the hopping ampli- 
tudes and the exchange interaction through the B-O-B 
bond angle and length. It follows that one can engineer 
the electronic and magnetic properties by designing or 
actively controlling such distortions [ff-'S^ , or by coupling 
them to other structural instabilities |i9j ilO| . One class 
of materials in which octahedral rotations and distortions 
have been linked to changes in the electronic structure are 
the rare earth nickelates, which display a sharp transition 
from a high-temperature metallic to a low-temperature 
insulating state. In the bulk, this electronic phase tran- 
sition is accompanied by a structural change from an or- 
thorhombic (Pbnm) to a monoclinic (P2i/n) symmetry 
with an increase in the Ni-O-Ni bond bending and the ap- 
pearance of a charge density wave. Additionally, charge 
disproportionation between adjacent Ni sites is associ- 
ated with different Ni-0 bond lengths [111 [12] ■ At low 
temperatures, the nickelates also possess an unusual an- 
tiferromagnetic spin arrangement |13j . 

The metal-insulator transition in nickelates has been 
investigated so far using static experimental techniques 



that directly affect the electronic bandwidth through the 
Ni-O-Ni bond angle, such as chemical [Tallin] and hydro- 
static pressure [T^l HZ] or epitaxial strain [TB] . Recently 
it was also shown that electrostatic fields can be used to 
control the metal-insulator transition in these materials 
|19j . Ultrafast optical experiments have measured car- 
rier relaxation [20 at low irradiation levels, insufficient 
to drive a photo-induced phase transition. 

In this work we use intense coherent femtosecond mid- 
infrared pulses to control the lattice structure and with 
it the electronic properties along a non equilibrium path. 
Indeed strong vibrational excitation |21| is capable of in- 
ducing electronic phase transitions, as demonstrated in 
a recent series of experiments on cuprates |22| and man- 
ganites [331 [HI where transient superconductivity and 
metallicity were triggered. In all of these cases the B-0 
stretching mode (~70-80meV) of the crystal structure 
was excited. Here we use epitaxy to mechanically couple 
NdNiOs to a substrate, whose B-0 stretching mode is 
selectively driven. 

In a first set of experiments, NdNiOs epitaxial thin 
films (100 u.c, 33 nm thick) were deposited on (001) 
LaAlOa single crystals by off-axis RF magnetron sputter- 
ing. Note that NdNiOs single crystals cannot be grown in 
large enough size for most experiments. This substrate 
provides -0.5% compressive strain to the material and 
reduces the metal insulator transition temperature Tmi 
from a bulk value of 200 K to about 130 K, as determined 
through 4-point dc transport measurements (Fig. [2}d) . In 
our mid-infrared pump - optical probe experiments the 
sample was excited by 150 fs pulses tuned to photon en- 
ergies between 70meV and 130 meV. These pulses were 
generated by optical parametric amplification and differ- 
ence frequency generation of the output of a Ti:sapphire 
laser amplifier, as detailed in Ref. [53] Transient changes 
in reflectivity probed in the near (800 nm, 1.55 eV) and 
the far-infrared (1-6 THz, 5-25 meV) were used to char- 
acterise the electronic properties of NdNiOa after vibra- 
tional excitation. Broadband THz pulses were generated 
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FIG. 1. a) Transient reflectivity changes at 800 nm observed 
after vibrational excitation in NdNiOs thin films 100 u.c. 
thick grown on LaAlOs. The measurements are performed 
at two temperatures T, below and above Tmi. b) Changes of 
the reflected THz peak electric field (in percent) exhibiting a 
long-lived excited state below Tmi- c) Static (triangles) and 
transient (squares) THz reflectivity spectra after vibrational 
excitation of a NdNiOs /LaAlOs heterostructure measured at 
T = 9 K. Dashed line: reflectivity of a LaAlOs single crystal 
|28| . Solid lines: calculated reflectivity of the heterostructure 
with NdNiOs in an insulating (blue) and metallic (red) state, 
d) Corresponding static (diamond) and transient (squares) 
conductivity spectra extracted for the NdNiOs layer from the 
heterostructure measured at T = 9 K. The static value is mea- 
sured by dc transport while the transient values are extracted 
from the reflectivity spectra presented on the left panel. A 
5 orders of magnitude modulation in dc conductivity is ob- 
served. Dashed lines: optical conductivity in the equilibrium 
and excited state. 



in a gas plasma [Mj and detected by electro-optic sam- 
pling in ZnTe and GaP crystal with 800 nm pulses [27] 
after reflection from the sample. 

Figure [l^ shows transient near-infrared reflectivity 
changes AR/Rq induced by excitation at 15 /im wave- 
length for different base temperatures T. At room tem- 
perature, where NdNiOa is metallic, only a modest re- 
flectivity increase was observed, decaying within 2 ps and 
likely associated to electronic excitations and relaxation 
near the Fermi level. For T < Tmi a dramatically differ- 
ent response is observed. Changes in reflectivity as large 
as —20%, persisting for hundreds of picoseconds, indicate 




FIG. 2. a, c) Right axis: relative variations in reflectiv- 
ity observed 5 ps after vibrational excitation as a function of 
temperature T in NdNiOs thin films 100 u.c. thick grown on 
LaAlOs and NdGaOs substrates. Solid line, left axis: dc re- 
sistivity of the same samples as a function of temperature, 
b, d) Photosusceptibility x a-s a function of pump wavelength 
measured at T = 20K using LaAlOs and NdGaOs substrates. 
The solid lines show the linear absorption due to the infrared- 
active phonon of the LaAlOs (blue) and NdGaOs (red) crys- 
tals |28l 130) . The dashed line is the linear absorption of bulk 
NdNiOs [29]. e) Schematic representation of the dynamic 
control the electronic properties of a thin film via vibrational 
excitation of the substrate. 



the formation of a metastable electronic phase. This re- 
sponse is independent of the polarisation of either the 
pump or the probe beams. As evident from the tempera- 
ture dependence of the photo- response (Figure [2^), such 
large reflectivity changes can only be achieved below the 
static metal-insulator-transition temperature. 

The time-dependent THz response, displayed in Figure 
[Tj; for the spectral range between 5 and 25 meV, reveals 
that this transient phase is metallic. Firstly, the fre- 
quency integrated THz reflectivity displays a long lived 
increase, suggestive of a phase with higher conductivity 
[29] (Figure [Tja) . These changes mirror those observed 
when probing at 800 nm (see above). Secondly, the fre- 
quency dependent THz reflectivity for the unperturbed 
heterostructure and for the photo-induced state are well 
traced by the calculated reflectivity of a 33 nm NdNiOs / 
LaAlOa heterostructure with NdNiOa in its insulating 
and metallic state, respectively (Fig. [ij;). Within 3ps 
after vibrational excitation, we extract a five orders of 
magnitude increase in dc conductivity for the NdNiOs. 
Note that for the fluence of the order 1 mJ/cm^ used here. 
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and for the 4% absorption at this wavelength, the tem- 
perature increase is estimated to be below 5K, pointing 
to a non thermal mechanism for the observed effect. 

As the light induced reflectivity changes scale linearly 
with the pump fluence (shown below), we can define 
an effective photosusceptibility as x = \dp/df\, where 
/ = F{\ — R) is the absorbed pump fluence {F) and 
p — AR/Rq. The dependence of x on the pump photon 
energy measured at T = 20K is shown in Fig. [2| and 
highlights the most striking observation reported here. 
We find that the susceptibility for the photo-induced 
insulator-metal transition follows the absorption of the 
substrate rather than that of NdNiOs . This phenomenon 
could be related to two distinct effects. One scenario in- 
volves the excitation of a substrate phonon, which may 
lead to a distortion coupled into the film across the 
interface. Alternatively, epitaxial strain may shift the 
resonance frequency of the thin film itself, accidentally 
matching the frequency of the substrate. In the first case 
one expects a strong dependence of the photosuscepti- 
bility on the oscillator strength of the substrate phonon. 
Differently, in the second case, the substrate resonance 
strength is not expected to influence the amplitude of 
the response. 

To clarify this point, 100 u.c thick NdNiOa epitax- 
ial thin films deposited on (110)NdGaO3 single crys- 
tals were analysed. This substrate provides different 
mechanical boundary conditions (tensile strain, 1.1%), 
a different vibrational resonance (74meV) and a much 
smaller oscillator strength of the phonon. NdNiOa thin 
films deposited on NdGaOa can be considered our best 
representation of the bulk material, since their transi- 
tion temperature (^180 K) is close to the one observed 
m ceramics (~200K [TT])- Figure [2]: shows the tem- 
perature dependence of the 800 nm reflectivity changes 
^^5ps/^o probed 5ps after vibrational excitation in 
NdNiOs/NdGaOa heterostructures. As observed for 
LaAlOa substrates, the transient near-infrared reflectiv- 
ity changes are negative, long-lived and the temperature 
at which the reflectivity decreases after excitation cor- 
responds to Tmi- More importantly, the signal ampli- 
tude Ai?5ps/i?o is in this case much smaller than the 
one observed in NdNiOa/LaAlOa heterostructures. This 
is clearly highlighted by the dependence of the photosus- 
ceptibility on the pump photon energy shown in Figure 
[2ji. Also for this heterostructure the photosusceptibility 
peaks at the phonon resonances of the substrate. More- 
over, the data show a clear dependence of the photosus- 
ceptibility on the absorption coefficient of the substrate, 
which is three times larger for NdNi03/LaA103. This in- 
dicates that the modulation of the electronic properties 
of the thin film occurs via excitation of the crystal lattice 
of the substrate (Figure [2^). 

Insight into the dynamics of the insulator-metal transi- 
tion can be gained from the pump intensity dependence. 
Transient reflectivity changes measured at fluences be- 
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FIG. 3. a) Transient reflectivity change observed after vibra- 
tional excitation in NdNiOa thin films 100 u.c. thick grown 
on LaAlOs. The measurements are performed at difl'erent flu- 
ences F. b) maximum reflectivity change ARmax/ Ro probed 
at different fluences for NdNiOa thin fllms 100 u.c. thick 
grown on LaAlOa and NdGaOa. The solid fines are linear 
fit to the data used for the calculation of the photosuscepti- 
bility X- 



tween 0.2 and 2.1 mJ/cm^ and T = 2GK, are reported in 
Figure |3^. The reflectivity change AR^ps/Ro increases 
linearly with the pump fluence (Figure |3]d) and no sat- 
uration of the signal is observed in the experimentally 
accessible fluence range. As the fluence is reduced below 
^0.8mJ/cm^ the photoinduced state decays exponen- 
tially back to equilibrium on the picosecond time scale. 
In this regime the relaxation time is strongly reduced 
with lower pump fluences (Figure [Sj:). This observa- 
tion can be interpreted by considering that the photo- 
induced transition is initiated locally, injecting a num- 
ber of domains with sizes (or densities) that depend on 
the pump fluence. For large pump fluences the nucle- 
ated domains are large (or dense) enough to reach the 
percolation threshold, leading to a long lived phase. Be- 
low threshold the metallic domains never coalesce and 
collapse back to the parent phase. Alternatively, since 
the vibration of the film is driven predominantly by the 
excitation of the substrate, we can imagine that the am- 
plitude of these distortions will be maximum at the film- 
substrate interface, decaying into the film. Thus for low 
pump fiuences, only the near-interface regions will be 
excited, whereas for higher fluences the excitation will 
be transferred deep into the fllm, stabilising the metal- 
lic state throughout the sample. Similar (but static) in- 
homogeneous distortion proflles induced by mechanical 
coupling with the substrate have recently been proposed 
for other perovskite heterostructures 

In summary, this work demonstrates how optical ex- 
citation of a substrate lattice can control the electronic 
properties of a thin film through propagation of a dy- 
namic distortion across the interface. This greatly broad- 
ens the scope of research of quantum phase control via 



4 



optical excitation and the field of strain engineering in 
complex solids. The precise interaction within NdNiOa 
responsible for the photo-induced metallic phase remains 
poorly identified. One possibility is that the electronic 
transition is caused directly by the excitation of the Ni- 
O stretching mode that couples to the B-0 bond vibra- 
tion of the substrate, as changes in Ni-0 bond lengths 
are known to occur during the thermally induced metal- 
insulator transition. The other possibility is that the 
B-0 stretching mode couples to a rotational mode of the 
oxygen octahedra that would lead to changes in overlap 
between the Ni d and O 2p orbitals. Such a coupling be- 
tween the stretching and rotational modes has recently 
been observed in bulk manganites |21j . The most ob- 
vious way forward for this area of research is to seek 
conditions under which bi-directional phase control can 
be achieved, for example by incorporating phonon-active 
layers in superlattices. Understanding and engineering 
such couplings between structural modes in complex ox- 
ide heterostructures opens new possibilities for design 
and control of their scientifically fascinating and tech- 
nologically useful properties. 

We thank D. Nicoletti for useful discussions and J. 
Harms for technical support. This work was funded by 
the Max Planck Society and the University of Hamburg 
as core support for the Max Planck Research Group for 
Structural Dynamics. We acknowledge financial support 
by the SNSF through the Prospective Researcher Fellow- 
ship, the NCCR "Materials with Novel Electronic Prop- 
erties" MaNEP and Division II. 



2, 141 (2011) 



* [Andrea. Caviglia@mp sd.cfel.de| 
[1] J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Re- 
iche, Y. L. Li, S. Choudhury, W. Tian, M. E. Hawley, 

B. Craigo, A. K. Tagantsev, X. Q. Pan, S. K. Streiffer, 
L. Q. Chen, S. W. Kirchoefer, J. Levy, and D. G. Schlom, 
|Nature, 430, 758 (2004) 

[2] D. G. Schlom, L.-Q. Chen, C.-B. Eom, K. M. Rabe, S. K. 

Streiffer, and J.-M. Triscone, Annual Review of Materi- 
I a ls Research, 37, 589 (2007) 
[3J R. J. Zeches, M. D. Rossell, J. X. Zhang, A. J. Hatt, 

Q. He, C.-H. Yang, A. Kumar, C. H. Wang, A. Melville, 

C. Adamo, G. Sheng, Y.-H. Chu, J. F. Ihlefeld, R. Erni, 
C. Ederer, V. Gopalan, L. Q. Chen, D. G. Schlom, N. A. 
Spaldin, L. W. Martin, and R. Ramesh, Science, 326, 



977 (2009) 

"[ifj. H. Lee, L. Fang, E. Vlahos, X. Ke, Y. W. Jung, L. F. 
Kourkoutis, J.-W. Kim, P. J. Ryan, T. Heeg, M. Roeck- 
erath, V. Goian, M. Bernhagen, R. Uecker, P. C. Ham- 
mel, K. M. Rabe, S. Kamba, J. Schubert, J. W. Free- 
land, D. A. MuUer, C. J. Fennie, P. Schiffer, V. Gopalan, 
E. Johnston-Halperin, and D. G. Schlom, [Nature, 466, | 



954 (2010 ) 

[5J P. Zubko, S. GarigHo, M. Gabay, P. Ghose z, and J.-M. 
Triscone, [Annual Review of Condensed Matter Physics, | 



"T8 



[9 

In 



[12 

[13: 



[14 
[15 



IT6 
[17 

W. 

[21 



r 

[22 

[23; 

[24 
[25 
l26 
[27 
[28 
[29 
[30 



J. He, A. Borisevich, S. V. Kalinin, S. J. Pennycook, and 
S. T. Pantelides, iPhys. Rev. Lett., 105, 227203 (2010) | 
S. J. May, C. R.'^rnith, J.-W. Kim, E. Karapetrova, 

A. Bhattacharya, and P. J. Ryan, Phys. Rev. B, 83, 
_153411 (2011) 

J. Chakhalian, J. M. Rondinelli, J. Liu, B. A. Gray, 
M. Kareev, E. J. Moon, N. Prasai, J. L. Cohn, M. Varela, 
L C. Tung, M. J. Bedzyk, S. G. Altendorf, F. Strigari, 

B. Dabrowski, L. H. Tjeng, P. J. Ryan, and J. W. Free- 
land, Phys. Rev. Lett., 107, 116805 (2011)' 

E. Bousquet, M. Dawber, N. Stucki, C. Lichtensteiger, 
P. Hermet, S. Gariglio, J.-M. Triscone, and P. Ghosez, 
Nature, 452, 732 (2008) 



N. A. Benedek and C. J. Fennie, IPhys. Rev. Lett., 106, 



107204 (2011) 

M. L. Medarde, Journal of Physics: Condensed Matter, 
^,1679 (1997), ' 
G. Catalan, Phase Transitions, 81, 729 (2008)| 
V. Scagnoh, U. Staub, A. M. Mulders, M. Janousch, G. I. 
Meijer, G. Hammerl, J. M. Tonnerre, and N. Stojic, 
Phys. Rev. B, 73, 100409 (2006) 

J. B. Torrance, P. Lacorre, A. I. Nazzal, E. J. Ansaldo, 
and C. Niedermayer, Phys. Rev. B, 45, 8209 (1992) 
J. A. Alonso, M. J. Martmez-Lope, M. T. Casais, J. L. 
Garcia-Munoz, and M. T. Fernandez-Diaz, Phys. Rev.| 
B, 61, 1756 (2000)1 



P. C. Canfie ld, J. D. Thompson, S.-W. Cheong, and 
L. W. Rupp, [Piys7R ev. B, 47, 12357 (1993) 
M. Medarde, J. Mesot, P. Lacorre, S. Rosenkranz, P. Fis- 
cher, and K. Gobrecht, Ph ys. Rev. B, 52, 9248 (1 995), 
G. Catalan, R. M. Bowman, and J. M. Gregg, [PhysTI 
Rev. B, 62, 7892 (2000) 



R. Scherwitzl, P. Zubko, I. G. Lezama, S. Ono, A. F. 
Morpurgo, G. Catalan, and J.-M. Triscone, [Advanced] 
Materials, 22, 5517 (2010), ISSN 1521-4095. 
P. Ruello, S. Zhang, P. Laffez, B. Perrin, and V. Gusev, 
Phys. Rev. B, 76, 165107 (2007) 

M. Forst, C. Manzoni, S. Kaiser, Y. Tomioka, Y. Tokura, 
R. Merlin, and A. Cavalleri, |Nat Phys, advance online] 
publication, (2011) 

D. Fausti, R. L Tobey, N. Dean, S. Kaiser, A. Dienst, 
M. C. Hoffmann, S. Pyon, T. Takayama, H. Takagi, and 



A. Cavalleri, iScience, 331, 189 (2011) 



M. Rini, R. Tobey, N. Dean, J. Itatani, Y. Tomioka, 
Y. Tokura, R. W. Schoenlein, and A. Cavalleri, [Nature^ 
449, 72 (2007) 

R. L Tobey, D. Prabhakaran, A. T. Boothroyd, and 
A. Cavalleri, Phys. Rev. Lett., 101, 197404 (2008) j 



C. Manzoni, M. Forst, H. Ehrke, and A. Cavalleri, Opt. 



Lett., 35, 757 (2010) 



H. Roskos, M. Thomson, M. Krefi, and T. Lofiler, Laser 
and Photonics Reviews, 1, 349 (2007). 
S. L. Dexheimer, ed.. Terahertz Spectroscopy: Principles 
and Applications (CRC Press, 2007). 
Z. M. Zhang, B. L Choi, M. I. Fhk, and A. C. Anderson, 
J. Opt. Soc. Am. B, 11, 2252 ( 1994) 
T. Katsufuji, Y. Okimoto, T. Arima, Y. Tokura, and 
J. B. Torrance, 'Phys. Rev. B, 51, 4830 (1995)^ 
D. Nuzhnyy, J. Petzeh, S. Kamba, X. Marti' , T. Cechal, 
C. M. Brooks, and D. G. Schlom, [Journal of Physics:| 
"Condensed Matter, 23, 045901 (2011)] 



